Objective: This study examined the effects of multichannel widedynamic range compression (WDRC) amplification and stimulus audibility on consonant recognition and error patterns.
INTRODUCTION
At present, at least 83% of clinically dispensed hearing aids are digital, with some form of nonlinear algorithm (Strom 2006) . The benefit of nonlinear wide dynamic range compression (WDRC) amplification is well documented in listeners with mild to moderate hearing loss. Common advantages for these listeners include improved audibility of low-level speech Souza & Turner 1998; Kam & Wong 1999; Souza 2002) , improved recognition for speech in quiet (Moore et al. 1992) , and under some circumstances, for speech in noise (Moore et al. 1999) . Subjective benefits of WDRC include listening comfort for loud speech (Lunner et al. 1997; Jenstad et al. 1999; Kam & Wong 1999; Boike & Souza 2000; Larson et al. 2002; Souza 2002; Davies-Venn et al. 2007 ) and pleasantness (Kam & Wong 1999; Davies-Venn et al. 2007) .
The effects of fast-acting WDRC amplification have been studied extensively in listeners with mild to moderate hearing loss, but listeners with severe hearing loss have not received a similar scope of evaluation. There is also a lack of consensus among studies that have evaluated listeners with severe hearing loss regarding whether these listeners can attain all the potential benefits of WDRC. Some studies have noted that listeners with severe hearing loss can achieve these benefits (Kam & Wong 1999; Barker et al. 2001; Marriage & Moore 2003; Marriage et al. 2005) , whereas others have suggested that the listeners with severe hearing loss may show detrimental effects of fast-acting WDRC processing (Byrne & Dillon 1986; Plomp 1994; Verschuure et al. 1994 Verschuure et al. , 1998 Souza & Bishop 1999; Souza et al. 2005) .
Of studies that evaluated speech recognition with fast-acting WDRC amplification on listeners with severe hearing loss, Kam and Wong (1999) revealed that these listeners performed better with fast-acting WDRC amplification than with linear amplification for recognition of low-level speech in quiet. A nonsignificant difference was found between fast-acting WDRC amplification and compression limiting (CL) amplification for perceived clarity across all input levels (50, 65, and 80 dB SPL). Listeners were given individualized compression ratios averaging 2.35 across all subjects. They were tested using Cantonese monosyllabic words and sentences in noise. Although this study made a direct comparison between these two amplifications using different input levels, it is difficult to generalize results because the test materials were made using a tonal language with different intonation patterns compared with English syllables. For listeners with mild to moderate hearing loss, the perceptual weight of temporal cues is different between English and a tonal language (Fu et al. 1998 ). In addition, single-channel compression is now rarely used in the clinic and multichannel compression causes other acoustic distortions (Bor et al. 2008 ) that may not have occurred in the single channel device used by Kam and Wong (1999) . Marriage et al. (2005) compared multichannel WDRC amplification with peak clipping and CL amplification in children. Their listeners were clinically fit with behind the ear (BTE) hearing aids and were tested using word, sentence, and phrase rating and recognition tasks. The results from their small set of listeners with severe hearing loss (N ϭ 6) revealed better performance with the multichannel WDRC amplifica-tion, when compared with linear amplification. An earlier study conducted by Marriage and Moore (2003) revealed similar results on a speech perception task using WDRC amplification on three children with severe hearing loss.
Some studies have shown better performance for linear amplification. DeGennaro et al. (1986) evaluated listeners with severe hearing loss, and their results showed that although WDRC amplification improved audibility, it did not provide measurable benefit over linear amplification. Albeit their use of a small subject sample and extremely fast time constants, their protocol, which used 16-channel compression with fast time constants, may have introduced a type of temporal distortion similar to today's advanced-technology hearing aids. evaluated eight listeners with severe to profound hearing loss, and their results also showed reduced performance with compression compared with linear amplification for seven of the eight subjects. A recent study by Souza et al. (2005) compared scores of 13 listeners with severe hearing loss on an identification task using consonant-vowel nonsense syllables. Speech stimuli were processed using peak clipping (PC), CL, two-channel WDRC, and three-channel WDRC amplification. This study used a simulated hearing aid with a 3:1 compression ratio and short attack (3 msec), and release (25 msec) time constants. Overall, scores for the listeners with severe hearing loss revealed better performance with CL amplification compared with three-channel WDRC amplification.
One shortcoming of the Souza et al. (2005) study was use of the same frequency-gain response for all listeners, which might not have set audibility to an optimal level for each individual. Even though this was a well-controlled test of compression, the usage of a laboratory-based hearing aid did not allow for consideration of the interrelationships between fast-acting WDRC and other processing, as would occur in a commercial aid where fast-acting WDRC would normally be combined with CL and the net effect would dictate performance. Finally, that study used only a single (conversational) input level and audibility was not quantified or used to evaluate improvement in scores or lack thereof with fast-acting WDRC compared with CL.
A recurring discrepancy between recent studies that do and those that do not provide support for using fast-acting WDRC amplification in listeners with severe hearing loss is the use of clinically fit hearing aids (Kam & Wong 1999; Marriage & Moore 2003; Marriage et al. 2005) versus laboratory-based hearing aid simulations (DeGennaro et al. 1986; Souza & Bishop 1999; Souza et al. 2005) . Studies that have used clinically fit hearing instruments used individualized frequency gain responses and in some cases individualized compression parameters. Most laboratory-based studies, which used simulated hearing aid responses, used an average frequency-gain response with common compression parameters. This type of protocol may limit generalization of results to clinical settings.
Accordingly, in the present study clinically fit hearing instruments with fast-acting multichannel fast-acting WDRC amplification and CL amplification were used to process speech stimuli presented at multiple input levels. It was hypothesized that the listeners with severe hearing loss would receive less improvement in performance from fast-acting WDRC (relative to CL) with increase in audibility compared with listeners with mild to moderate hearing loss.
MATERIALS AND METHODS

Subjects
Two age-matched groups of listeners were recruited to participate in this study. Twenty-two of the participants (mean age of 60 yr, range 22-89 yr) were classified as listeners with severe hearing loss. Severe hearing loss was defined as pure tone average (0.5, 1, and 2 kHz) thresholds from 65 to 90 dB HL. Fifteen of the participants were classified as listeners with mild to moderate hearing loss (mean age of 66 yr, range 30 -90 yr). Mild to moderate hearing loss was defined as pure tone average (PTA) thresholds from 25 to 55 dB HL. One subject with mild to moderate hearing loss had an asymmetrical loss, and data were also collected using the other ear for inclusion in the severe group. The groups were not statistically different in age t (32) ϭ Ϫ1.06, p ϭ 0.30. Each listener's loudness discomfort level was obtained for 0.5 and 3 kHz warble tones (Table 1) , using standard instructions as recommended by Hawkins et al. (1987) . All listeners had sensorineural hearing loss, which was defined as the absence of an air-bone gap Ͼ10 dB HL from 500 to 4000 Hz and normal (Type A) tympanograms (Jerger 1970) . Acoustic reflex thresholds and acoustic reflex decay were obtained to rule out retrocochlear pathology for subjects with asymmetrical hearing loss. Test ear was determined based on the ear that best fit the inclusion criteria. When both ears met the study criteria, the ear with better word recognition score was chosen. Figure 1 illustrates the mean thresholds and standard deviations for the test ear of both groups. All subjects spoke English as their first or primary language. All subjects had sensorineural hearing loss. Mean PTA was 71 dB HL (SD ϭ 9.3) for the severe group and 41 dB HL (SD ϭ 7.6) for the mild to moderate group. Fourteen of the listeners with severe hearing loss wore hearing aids in both ears, three wore a hearing aid in one ear, and five did not have hearing aid experience. Three of the unaided listeners with severe hearing loss had normal hearing in their nontest ear. The fourth unaided listener had a mild hearing loss in the other ear; the fifth unaided listener had borderline severe thresholds with PTA of 63 dB HL and stated that amplification had not been obtained because of more pressing health needs. Only four of the listeners with mild to moderate hearing loss had amplification in one or both ears.
Unaided word recognition testing was administered at 30 to 40 dB sensation level (SL) re: PTA, using a 25 word list of the Northwestern University (NU-6) recording (Wilson et al. 1990) . Mean scores for the test ear were 62% (SD ϭ 24.1) for the severe group and 93% (SD ϭ 6.36) for the mild to moderate group. Two lists of the QuickSIN test (Killion et al. 2004 ) were administered at 70 dB HL for the mild to moderate group and most comfortable loudness level (MCL) for the severe group. Speech in noise recognition loss was determined using the protocol recommended by the test developers. Mean speech in noise recognition loss was 7.1 dB (range 0.5-18 with SD of 4.3) for the mild to moderate group and 12.7 dB (range 1 to 25 with SD of 6.7) for the severe group. Two subjects with severe hearing loss and one with mild to moderate loss (S3, S8, and MM1) were unable to complete all test sessions in the fast-acting WDRC amplification condition resulting from unrelated health issues. Listeners were compensated on an hourly basis for their participation in this study.
Hearing Instrument
The hearing instrument was a commercial 16-band, BTE hearing aid. This device had a fitting range that was appropriate for listeners with mild-to-profound hearing loss. The hearing instrument used a high-level front-end (i.e. pre-amplifier) compressor, low-level expansion, and automatic gain controls for both input (AGC i and WDRC) and output (AGC o ) acoustic signals. The hearing instrument had four independent channels with cross over frequencies of 0.63, 1.6, and 3.2 kHz. This device also had four memories with flexible compression controls that allowed both linear (CL) and fast-acting WDRC to be programmed into individual memories.
The first 2 memories of the hearing instrument were programmed with parameters consistent with fast-acting WDRC and CL amplification. Feedback cancellation was activated when an acceptable match to prescribed target gain could not be attained without feedback. All other adaptive features including directional microphones were disabled. The volume control and memory switch were also disabled to ensure accuracy in data collection.
The memory programmed with CL had a dual limiter (i.e. high level front-end compressor ϩ AGC 0 ). The front-end limiter had a threshold of 102 dB SPL. The threshold for the back-end limiter was driven by the maximum power output (MPO), which could be set between 111 and 132 dB SPL. On average our listeners with severe hearing loss were fit with an adjusted MPO of 122 dB SPL for CL amplification. Listeners with mild to moderate loss were fit with an MPO of 121 dB SPL for CL amplification. Both front and back end limiters used a 10:1 compression ratio, an attack time of Ͻ1 msec and a release time of ϳ90 msec.
The fast-acting WDRC program used a broadband equivalent input compression kneepoint of 45 dB SPL, coupled with a wide-band output limiter. The attack and release times were ϳ5 and 100 msec. Compression kneepoints and time constants were identical across the four compression channels. On average, our listeners with severe hearing loss were fit with a maximum output of 129 dB SPL for fast-acting WDRC amplification. Listeners with mild to moderate loss were fit with an adjusted MPO of 126 dB SPL for fast-acting WDRC amplification. Excluding the compression ratios, all other compression parameters were identical for both listener groups. In choosing the compression ratios, the range that would be considered clinically reasonable across various prescriptive procedures was considered. For example, for the severe group, NAL-NL1 (Dillon 1999 ) prescribed compression ratios between 1.3:1 and 2.5:1, whereas desired sensation level version 5.0 (Scollie et al. 2005 ) prescribed compression ratios between 2.8:1 and 4.3:1. For listeners with mild to moderate hearing loss, NAL-NL1 (Dillon 1999) prescribed ratios between 1.2:1 and 1.9:1 and desired sensation level version 5.0 prescribed ratios between 1.4:1 and 3.4:1.
Because audibility was a potential experimental confound especially for listeners with severe hearing loss, we optimized audibility by selecting a higher prescribed compression ratio. That is, the main goal was to make clinically reasonable choices that also supported the specific aims of this study, rather than to present the compression ratio prescribed by any specific fitting protocol. The severe group was fit using a 3.2:1 compression ratio, whereas the mild to moderate group had a 2:1 compression ratio. Previous studies (Stelmachowicz et al. 1994; Verschuure et al. 1996; Souza & Turner 1999) have also shown that the effective compression ratio for speech will be considerably lower than the nominal compression ratios specified here.
Finally, results on a similar consonant recognition task revealed no significant difference F(1, 13) ϭ 0.481, p ϭ 0.500 in performance when the same group of listeners with mild to moderate hearing loss was tested using a uniform (i.e., 2:1) compression ratio compared with NAL-NL1 individually prescribed compression ratios (Davies-Venn & Souza 2008) . Albeit a smaller sample size, two listeners from the severe group also revealed similar speech recognition scores (mean score of 56% versus 58% correct) with individually prescribed compression ratios versus the uniform compression ratios used in this study.
Hearing Aid Fitting
The test hearing instrument was monaurally fit on each subject using individual NAL-NL1 (Dillon 1999) insertiongain targets for 65 dB SPL. An unvented, custom-made skeleton earmold was coupled to the BTE test instrument using standard size 13 tubing. A 65 dB SPL composite noise was presented from a speaker, positioned at 45 degrees azimuth and 12 in. from the subject's ear. A probe tube was positioned at 5 mm beyond the medial tip of each listener's earmold and insertion-gain measures were used to adjust each listener's frequency gain response to their prescribed NAL-NL1 gain DAVIES-VENN ET AL. / EAR & HEARING, VOL. 30, NO. 5, [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] targets. Figure 2 illustrates mean real ear match to prescribed target gain for both listener groups at 50 and 65 dB SPL.
All of the testers were certified clinical audiologists and adjusted the hearing aid frequency-gain response as they would in a clinical situation. Each listener's gain response was adjusted using the 65 dB SPL signal only. The set compression ratios in the fast-acting WDRC program were allowed to determine gain for low and high-level signals. Real ear saturation response was measured for each program using a 90 dB SPL pure-tone sweep. The MPO was adjusted if needed to ensure that the real ear saturation response was below the listener's measured loudness discomfort level at 0.5 and 3 kHz.
On completion of the hearing aid fitting, settings were saved onto the hearing instrument. Each listener was instructed on the behavioral task and their nontest ear was occluded with an earplug. For the three listeners with unilateral hearing loss, noise was applied at an effective masking level to the nontest ear. To ensure that the effective masking level also avoided overmasking, the amount of interaural crossover was determined on an individual basis using real ear analysis. Speech noise was presented to the nontest ear at an individually predetermined level (i.e. range 55-65 dB SPL), which ensured effective masking while preventing over-masking.
Procedure
A repeated-measures design was used to evaluate objective performance and consonant confusion patterns for both listener groups. The test stimuli was a set of 22 consonant-vowel /Ci/ nonsense syllable tokens from the nonsense syllable test (Resnick et al. 1975 ) spoken by a female talker. Nonsense syllables were used because they allowed evaluation of listeners' perception of specific consonant features that were susceptible to distortions resulting from nonlinear hearing aid processing. A study by Flynn et al. (1998) reported varied linguistic effects when listeners with severe hearing loss were evaluated with sentences compared with monosyllabic words. Thus, our choice of nonsense syllables minimized the differential effect of listeners' metalinguistic skills, which have been shown to influence recognition of sentences (Boothroyd & Nittrouer 1998) . The vowel /i/ also provided sufficient difficulty to avoid ceiling effects in the mild to moderate group (Gutnick 1982) . Only one vowel context was evaluated because of time constraints and the large number of response tokens measured. At the completion of this study, each subject had responded to a total of 1320 test tokens, during two 3 hr sessions.
All test stimuli were presented at zero degrees azimuth in sound field using a speaker (JBL LSR25P) positioned at head level, 1 m from the subjects. A concatenated recording of the nonsense syllables was played through the system, and its level was calibrated using a Bruel and Kjaer (B&K) 2204 sound level meter. Test stimuli were presented at 50, 65, and 80 dB SPL.
Subjects were trained to select the stimulus heard from a touch-screen display of 22 orthographically represented (e.g., "chee," "see") nonsense syllable tokens. Correct answer visual feedback was used during practice trials. Practice trials were presented using fast-acting WDRC amplification at 65 dB SPL. Data collection commenced after asymptotic performance was attained (Ϯ5% for three consecutive practice trials). Each subject was tested under six conditions (i.e., two amplification and three presentation levels) and the order of conditions was randomized across subjects. Scores for each condition were averaged across 220 presentations (10 repetitions of 22 tokens) of the nonsense syllable tokens. All testing was conducted in a double-walled sound-isolating booth.
Audibility
To determine the influence of audibility, the aided audibility index (AAI) was calculated for all test conditions. The AAI was calculated using the Stelmachowicz et al. (1994) method, with the modifications suggested by Souza and Turner (1998). Subject audiograms were converted from decibels hearing level to decibels sound pressure level at the tympanic membrane using individually measured real ear to dial difference values. Octave thresholds were converted into third-octave centered frequencies from 160 to 8000 Hz using the formula by Pittman and Stelmachowicz (2000) . To determine the speech input level, the unamplified speech tokens were concatenated, presented, and recorded where the subject's head would have been. Using Matlab (Mathworks) and a computer program written by Couvereur (1997) , the root mean square (rms) SPL was measured for each third-octave band of the concatenated stimuli, which was measured using a nonoverlapping window of 100 ms. The AAI was calculated as
where I equals the third-octave band frequency importance weighting functions for nonsense syllables from ANSI (1997), sl equals the calculated third-octave band centered sensation levels, and mcr equals the mean nominal speech compression ratio from Figure B1 in Stelmachowicz et al. (1994) :1 for CL, 1.2 for fast-acting WDRC in the mild to moderate group, and 2 in the severe group, sl was calculated as sl ϭ rms ϩ mic ϩ real ear ϩ 12/mcr ϩ real ear ϩ threshold where rms was the measured concatenated speech input level specified earlier, mic was the third-octave center band microphone correction factor from Bentler and Pavlovic (1989) , mcr was the mean speech compression ratio specified earlier, real ear was the measured real ear insertion gain for the appropriate test condition, and threshold was the subject's third octave threshold in decibels sound pressure level. The variable limit was calculated using the formula specified by Stelmachowicz et al. (1994) i.e. limit ϭ rms ϩ mic ϩ real ear ϩ 12/mcr (sl ϩ 12) Ϫ SSPL 90 where SSPL 90 was the measured maximum output.*
RESULTS
Absolute Scores
Listeners with mild to moderate hearing loss performed better than listeners with severe hearing loss. Absolute percent correct scores transformed to rationalized arcsine units (RAU) (Studebaker 1985; Sherbecoe & Studebaker 2004 ) are presented in Figure 3 . Although the listeners with severe hearing loss had lower scores than their counterparts with mild to moderate hearing loss, the pattern of performance across input level was similar for both groups. Compared with CL, scores were improved with fast-acting WDRC at 50 dB SPL and either remained unchanged or decreased slightly at 65 and 80 dB SPL. The errors bars in Figure 3 indicate higher variance in performance within listeners with severe hearing loss compared with listeners with mild to moderate hearing loss.
WDRC Benefit
The main interest of this study was to evaluate the effect of level and audibility on improvement in performance with fast-acting WDRC compared with CL amplification for listeners with severe and mild to moderate hearing loss. Therefore, listeners' percent correct scores were converted to WDRC benefit. WDRC benefit was defined as the score (in RAU) in the fast-acting WDRC condition minus score (in RAU) in the CL condition.
A two-way repeated measures ANOVA was performed to evaluate the effect of level † on WDRC benefit. The withinsubject factor was input level (50, 65, and 80 dB SPL). The between-subject factor was group (mild to moderate and severe). The interaction between group and level was not significant, F(1.4, 44.96) ϭ 2.224; p ϭ 0.134. The main effect of level was significant, F(1.4, 44.96) ϭ 12.553; p Ͻ 0.001. Paired-sample t-tests were performed to assess this level effect. Results indicated that listeners' WDRC benefit was statistically higher for 50 versus 65 dB SPL, t (33) ϭ 3.880, p Ͻ 0.001 and 50 versus 80 dB SPL, t (33) ϭ 4.163, p Ͻ 0.001. The WDRC benefit was not statistically different for 65 versus 80 dB SPL, t (33) ϭ 0.425, p ϭ 0.673. These results suggest that for both group of listeners, improvement in performance with fastacting WDRC amplification was greatest for soft speech (i.e. 50 dB SPL) compared with conversational and high level speech. The main effect of group was marginally significant at a p value of 0.06, F(1, 32) ϭ 3.869; p ϭ 0.058. Taken together the results show weak evidence that listeners with severe *As part of the test protocol, insertion-gain values were measured at 50 and 65 dB SPL, but not 80 dB SPL. To compute a full set of AAI values, ad hoc data were collected for insertion-gain at 80 dB SPL, as follows. The test hearing instrument was reprogrammed using the stored programming parameters for each listener and coupler gain was measured. RECD values were determined by computing the difference between coupler and real-ear gain for a measured condition (i.e., CL 65 dB SPL or fast-acting WDRC 65 dB SPL) for each listener. The individually measured RECDs were within the range of published standard adult RECDs (Dillon 2001) . The RECD values were added to the coupler gain values to obtain expected insertiongain at 80 dB SPL. † The assumption of sphericity was violated for level; all reported results for level reflect the Greenhouse-Geisser adjustment for degrees of freedom. hearing loss received more WDRC benefit compared with their counterparts with mild to moderate hearing loss.
Audibility
To investigate the role of audibility on WDRC benefit, audibility was quantified using the AAI as described earlier.
The correlation between AAI and WDRC benefit scores (i.e. WDRC minus CL) was significant r (100) ϭ 0.20, p Ͻ 0.001 across both WDRC and CL. Figure 4 shows a stronger positive correlation between audibility (AAI) and absolute recognition scores for CL (R 2 ϭ 0.469) compared with fast-acting WDRC (R 2 ϭ 0.254) amplification. This figure also shows considerable variability in the data.
DISCUSSION
In general, auditory filter bandwidths broaden as thresholds increase (Dubno & Dirks 1990; Laroche et al. 1992 ). Broadened auditory filters result in reduced spectral resolution abilities especially for listeners with severe hearing loss. Consequently, these listeners might rely more on temporal rather than spectral cues, perhaps rendering them more susceptible to temporal distortion from fast-acting WDRC amplification. Our working hypothesis was that listeners with severe hearing loss would show reduced benefit with fast-acting WDRC amplification because they are more susceptible to temporal distortion from fast-acting WDRC amplification (Jenstad & Souza 2005) than listeners with mild to moderate hearing loss.
This hypothesis was not supported by the results because (1) a marginal but non-significant difference (p ϭ 0.058) in recognition scores was found between the two groups. (2) Even if we consider the fact that the between-group difference approached significance, Figure 5 suggests that this is due to greater benefit for the severe hearing loss group, particularly at the lower input levels. Presumably, this was because the listeners with severe hearing loss benefited most from the improved audibility provided by fast-acting WDRC amplification. Figure 6 shows the improvement in AAI with fast-acting WDRC relative to CL for each input level and subject group. The following points are apparent from this figure. (1) There is more variability in the audibility benefit of fast-acting WDRC amplification for the severe loss group. (2) Listeners with mild to moderate loss had slightly greater audibility improvement for the 50 dB SPL input level, but with less improvement in speech recognition (Fig. 5) . However, this relationship needs to be considered in the context of their higher overall scores. Because the shape of the function relating audibility to recognition is not linear (Amlani et al. 2002) , it is likely that the lower WDRC benefit for this group was due to both CL and fast-acting WDRC recognition scores falling in the highest (asymptotic) portion of the function. This assumption was not evaluated because the small N and single vowel /i/ context did not allow sufficient data points to generate a transfer function to predict performance in each condition. (3) Listeners with severe hearing loss continued to experience audibility improvement with WDRC, even at the highest input level. Despite this continued improvement in audibility, they show no greater benefit than the mild-moderate group.
It is also of interest that mean WDRC benefit was negative (i.e. better performance with the CL condition) at 65 and 80 dB SPL (Fig. 5) . It is possible that once optimum audibility is achieved, susceptibility to WDRC-induced distortion does occur. This pattern can also be seen by the shallower slope of the fast-acting WDRC line versus the CL line in Figure 4 . Put differently, the audibility benefits of fast-acting WDRC dominate for low-level speech whereas subtle distortion from fast-acting WDRC begins to dominate at conversational and higher speech input levels. Recall also that as the input level increased, there was an increased likelihood that the highcompression ratio output limiting was activated, and the output signal represented the combined effects of fast-acting WDRC processing and compression limiting.
What, exactly, is happening to the acoustic signal to cause reduced recognition from WDRC at higher input levels? Acoustic cues for recognition of different phoneme categories (Kent & Read 2002) suggest that some consonant features may be more susceptible than others to modifications resulting from fast-acting WDRC amplification. Thus, it was also of interest to examine the specific consonant errors made by both listener groups. One potential factor was temporal distortion caused by WDRC. Listeners with severe hearing loss, because of reduced spectral resolution, might rely more on temporal cues than listeners with mild-moderate hearing loss. Additionally, temporal cues are more likely to be distorted for the group with severe hearing loss because of the compression parameters required to provide sufficient hearing aid gain (i.e., low kneepoints and high compression ratios).
Consonant confusions support the idea that listeners with severe hearing loss exhibit susceptibility to fast-acting WDRCinduced temporal distortions. This type of signal processing has been proposed to alter temporal envelope cues , which are cues to consonant manner (Rosen 1992) . The most common (nonplace) confusions observed were made between affricates and stops, or between fricatives and affricates. For example, listeners with mild to moderate loss (Fig. 7) responded /gi/ for either /dUi/ or /Ui/. Listeners with severe hearing loss (Fig. 8) made that error as well as responding /ti/ as in Tom for /tʃi/ as in CHair.
Another possible reason for these confusions may be due to level-induced distortions from output limiting in combination with the high presentation level of the amplified speech at 65 and 80 dB SPL. Studies have shown that the cues to consonant perception change in quiet versus noise (Kent & Read 2002) . For example, while phoneme rise time is a salient cue to affricate perception in quiet, listeners drop this cue and use duration for affricate perception in noise (Van Heuven 1987) . The factors driving consonant confusions for normal-hearing listeners in noise would not necessarily be the same as the factors driving consonant confusions for amplified speech presented in quiet for listeners with mild to moderate and severe hearing loss. Thus, level-induced distortion may not be the reason for the affricate for stops confusions noted in these listeners.
On the other hand, the greater gain and higher MPO settings for fast-acting WDRC compared with CL amplification may have contributed to the stop/affricate errors observed for listeners with severe hearing loss. The MPO differences between the fast-acting WDRC and CL settings were 5 dB for listeners with mild to moderate hearing loss and 7 dB SPL for the listeners with severe hearing loss. This was a relatively small difference and may not have affected the overall confusion patterns.
A study by Souza et al. (2005) reported similar stop/ affricate confusions even in the absence of output limiting for subjects with severe hearing loss presented with speech signals at 70 dB SPL. They attributed this particular confusion to altered temporal cues such as the phoneme rise time. In addition, other researchers have noted that the overshoot from the attack time of a fast-acting compressor might have these types of manner confusions (Dreschler 1988; Yund & Buckles 1995) . Hickson and Byrne (1997) reported that fast-acting WDRC amplification degraded perception of stop consonants (albeit with a higher compression ratio than used here).
Because this study did not measure acoustic distortion, we can only speculate from documented effects of fast-acting WDRC on the temporal properties of speech in combination with the consonant errors analyzed here. One factor that has been previously identified is the timeconstant of the compressor; particularly the release time , which can be set over a very wide range clinically. In regard to speech audibility, severe hearing loss is best fit by shorter time constants that allow maximum gain for low-intensity consonants. For that reason, fast time constants were used in this study to maximize audibility. The small negative impact of fast-acting WDRC amplification only occurred for conversational and higher speech levels. It has been suggested that such effects may be alleviated by using longer time constants (Plomp 1994; Gatehouse et al. 2006a,b; Moore 2008) . A subproject in our laboratory tested 11 of the 20 listeners with severe hearing loss on the same consonant recognition task but with a slow (1400 msec) release time in the low-frequency channel instead of the fast (100 msec) timeconstant used in this study. The results revealed that eight of the 11 listeners performed better with the low-frequency slow-acting WDRC at 65 dB SPL ). Thus, the negative benefit of fast-acting WDRC on speech recognition might have been reduced or eliminated if a longer timeconstant had been used, but it is not clear to what extent that would offset the audibility advantage. This study does show that there is a potential negative effect of fast-acting WDRC on speech recognition even in clinically realistic protocols, but the audibility benefits of fast-acting WDRC likely outweigh the negative effects for low level speech, especially for listeners with severe hearing loss.
In addition to the effects of WDRC, listeners' confusion matrices revealed that listeners with mild to moderate loss made few place of articulation errors, whereas listeners with severe hearing loss made many place errors. This confusion is consistent with the idea that listeners with severe hearing loss, because of their large deficits in audibility and reduced spectral resolution, cannot access all the spectral cues needed for identifying place features. Although match to target was very good, audibility was slightly lower, on average, for the severe group (Table 2) , and this may be one of the factors resulting in the greater place errors for listeners with severe hearing loss.
Confounding Variables
Factors in addition to audibility and temporal distortion could have influenced the results, especially the high variance in WDRC benefit among listeners with severe hearing loss. Remember that the assumption was that listeners with severe hearing loss have broadened auditory filters, which consequently implied that these listeners were more dependent upon temporal cues in speech. The two listener groups were separated on the basis of pure tone thresholds. Thus, their spectral resolution abilities were assumed based on threshold. Although there is a consensus that auditory filter bandwidth increases with threshold elevation (Dubno & Dirks 1990; Laroche et al. 1992) , studies have shown varying auditory filter bandwidths among listeners with equal thresholds Nelson 1991) . Because spectral resolution was not measured, it was not known if spectral resolution varied among the listeners with severe hearing loss and the listeners with mild to moderate hearing loss and if this could explain the observed variance in WDRC benefit among listeners. For example, although one of the listeners (S4) from Table 3 had a PTA corresponding to the mean PTA of the listeners with severe hearing loss, the listener's scores approximated that of the listeners with mild to moderate hearing loss. The listener's unaided speech discrimination score was 100%, which was 38% more than the average speech discrimination score for the listeners with severe hearing loss. Noting that this subject's aided and unaided speech scores were close to that of the listeners with mild to moderate hearing loss, one is inclined to suggest that the listener may have better spectral resolution. A follow-up study, using measures of spectral resolution, could parse out the effect of spectral resolution on consonant recognition and WDRC benefit.
A second possible influence on the results was individual differences in hearing aid experience. Gatehouse (1992) stated that the true effects of different hearing aid frequency responses become apparent after listeners are allowed an acclimatization period of 6 to 12 wk. Furthermore, Arlinger et al. (1996) also stated that the best method of comparing different hearing aid frequency responses using speech tests should allow a period of acclimatization. These studies suggest that a testing protocol that incorporates an acclimatization period may reduce bias between new and experienced users. Indeed, some studies such as Marriage and Moore (2003) and as Marriage et al. (2005) allowed their subjects to acclimatize to the test instrument before data collection, thus their procedure controlled for confounding effects of varied hearing aid experience.
In the present study, listeners had varied levels of hearing aid experience. Some investigators (Gatehouse 1992; Arlinger et al. 1996) have suggested that lack of hearing aid experience may mask the true effect of different hearing aid settings. This claim calls into question whether the three listeners with unilateral severe hearing loss in this study may have nullified some of the effects of WDRC versus CL amplification. It is hard to decipher because (1) these studies evaluated the effects of different hearing aid frequency gain settings rather than linear versus non-linear processing and (2) this claim is still being actively investigated. Some investigators have reported that objective performance increases with hearing aid experience (Kuk et al. 2003; Reber & Kompis 2005; Yund et al. 2006 ), whereas others have not shown a significant change in objective speech recognition (Humes et al. 2002; Flynn et al. 2004 ). Munro and Lutman (2003) suggested that hearing aid experience may influence measured hearing aid benefit as presentation level of the speech signal increases from 55 to 69 dB SPL. Their results suggest that differences between the experienced and inexperienced listeners in this study may exist for conversational (65 dB SPL) and high (80 dB SPL) speech. Although the present study did not control for or focus on the effects of hearing aid experience, a comparison of scores for those with and without hearing aid experience may provide information (albeit not well-controlled) as to whether these differences played a role. That comparison showed no difference in WDRC benefit at 50 dB SPL, t (32) ϭ 1.91, p ϭ 0.065, 65 dB SPL, t (32) ϭ 1.038, p ϭ 0.307, and 80 dB SPL t (32) ϭ Ϫ0.838, p ϭ 0.408.
Clinical Implications
A number of factors must be considered when deciding how to set the compression parameters of a fast-acting WDRC hearing aid, or whether to even use compression. Fast-acting WDRC affects, in a complex manner, the audibility and temporal cues of speech. The results indicated that both group of listeners with mild to moderate and severe hearing loss benefited from fast-acting WDRC for low-level speech but not for conversational or high-level speech. Other studies have also shown that fast-acting WDRC amplification improves recognition of low input level speech (Souza & Turner 1998; Kam & Wong 1999; Moore et al. 1999) . Therefore, clinically a decision has to be made as to whether the audibility of low-level speech is more important than the potential temporal distortions caused by fast-acting WDRC at higher speech input levels. MM7  56  28  90  82  87  87  82  75  MM4  75  33  75  68  68  75  54  63  MM6  80  35  80  83  89  79  67  79  MM15  41  35  90  84  92  87  90  89  MM3  64  37  70  92  83  91  80  78  MM8  30  38  83  76  87  89  80  85  MM5  79  40  54  46  61  63  53  62  MM14  62  40  82  71  78  87  76 S9  22  67  55  20  58  68  59  70  S15  64  68  48  14  49  60  57  66  S16  41  70  61  32  66  74  65  77  S17  62  70  63  55  65  65  55  60  S18  69  70  59  47  59  61  48  50  S4  55  72  57  68  77  90  80  85  S10  80  72  34  29  58  50  59  61  S20  84  73  35  35  35  45  30  28  S22  75  65  65  36  70  76  61  77  S21  50  83  49  16  64  63  57  63  S1  53  75  40  11  57  64  61  49  S2  64  83  16  20  35  26  35  33  S12  23  90  10  5  34  18  8  5  S7  62  95  11  9  64  42  66  52  Mean  60  72  45  31  56  58  53  57 PTA, pure tone average; WDRC, wide dynamic range compression; CL, compression limiting.
The test environment and speech material used in this study were different from continuous discourse in varied real-world background noises. Also, recall that subjective ratings were not evaluated in this study but previous studies have shown that fast-acting WDRC amplification may be superior to CL amplification for perceived quality of speech (Kam & Wong 1999; Davies-Venn et al. 2007 ) and comfort of high-level speech (Lunner et al. 1997; Kam & Wong 1999; Boike & Souza 2000; Jenstad et al. 2000; Larson et al. 2002; Souza 2002) . When audibility and speech recognition performance are equated, fast-acting WDRC may have a subjective advantage over CL, especially for listeners with an aversion to high-level sounds. Thus, considerations must be made for real world speech conditions and subjective ratings for WDRC. One should also consider age and etiology of the listener's hearing loss (Gatehouse et al. 2006b ). Other individual variables such as communicative demands, compensatory communication strategies, and hearing aid experience must also be considered.
In summary, this study evaluated the effects of linear and nonlinear amplification on age-matched listeners with mild to moderate and severe hearing loss at a variety of speech input levels. Audibility significantly influenced the results but accounted for less than half of the variance. Results indicated that fast-acting WDRC provides improved speech recognition for low level speech with very slight degradation of speech understanding at higher input levels. To better understand the variability in results, future studies should incorporate measures of spectral resolution.
